• Dairy wastewater was successfully treated in UASFF with HRT of 48 h
water management, operating conditions and also types of process cleaning may influence the dairy effluents characterization [2, 3] .
In process of cheese production, whey is generated from the liquid residue when casein and fat are separated through coagulation of milk. It is a by-product of cheese or casein, and has several commercial uses, such as concentrated whey protein for food additives and nutritional diets [4] . Whey contains lactose (70-75%) and soluble proteins (10-15%) which results in a high COD (50-70 g/L) [5] . High concentration of organic matter in whey wastewater such as whey causes serious pollution problems to surroundings [6, 7] . If cheese effluent is discharged to environ-ment causes depletion of the dissolved oxygen in the stream that may jeopardize the aquatic life. In addition the contaminated water body in irrigation gradually reduces the land fertilities [8] [9] [10] .
World annual production of whey is around 115 million tons; approximately 47% of the produced whey is disposed into the environment [11] . Since whey naturally contains lactose and biodegradable organic matter, biological treatment is a practical process [12] . Among biological treatment processes, treatment in ponds, activated sludge plants and anaerobic treatment are commonly employed [13] . Anaerobic method for the treatment of whey wastewater is attractive and often catches the attention of researchers because of the presence of high organic content in the waste, low energy requirement of the process, less sludge production and generation of fuel in form of methane [14] . Dairy wastewater has been extensively treated by coagulation/flocculation and sedimentation processes [3, 15] . The main disadvantages of these processes are high coagulant costs, high sludge production, and poor removal of COD [16] . Therefore, biological treatment is usually preferred for dairy wastewater treatment [17, 18] . Due to high organic content of whey low treatment costs, anaerobic digestion processes are recommended [19, 20] .
Recently, an upflow anaerobic reactor has been successfully employed for treatment of dairy wastewater in full-scale applications [21] . The use of a laboratory-scale bioreactor for the treatment of dairy wastewater at an operational temperature of 30 °C was previously investigated [22] . It was found that COD removal varied between 85 and 88% at a hydraulic retention time (HRT) of 5.0 h and organic loading rates (OLRs) of 8.5 g COD/Ld. Another laboratory-scale investigation resulted in over 97% of COD removal using cheese whey wastewater in an anaerobic treatment process [23] . At a high OLR of 31 g COD/Ld, the UASB reactor treating cheese production wastewater provided removal of 90% for COD [24] . There is no sufficient information available in the literature regarding the COD removal from cheese whey wastewater in UASFF hybrid bioreactors. The main objective of this work is to enhance more thoroughly the treatment of cheese whey wastewater in a hybrid bioreactor. The effects of operating parameters such as temperature and HRT on COD removal and biogas production in the hybrid bioreactor were investigated.
MATERIALS AND METHODS

Wastewater characterization
The cheese whey wastewater used in present work was collected from a local cheddar cheese processing industry. The characteristics of cheese whey wastewater samples are presented in Table 1 ; the data were compared with Normex (Mexico) [25] and cheese processing wastewater [26] . The collected wastewater from Gela factor was obtained from the plant discharge known as cheese whey wastewater, which was homogeneously mixed and divided into small portions and kept at 4 °C for further use. Cheese whey wastewater contains most of the essential nutrients for microbial growth without additional nutrients to fresh substrate.
Hybrid bioreactor setup and start up
The hybrid reactor was constructed from a cylindrical pyrex column with internal diameter of 2.76 cm and total height of 160 cm. The total volume of the reactor was 960 ml. The density and specific surface of the packing media were 400 kg/m 3 and 500 m 2 /m 3 , respectively. The shape of packing used in UASFF is similar to honeycomb shape of polyethylene material with high surface area. A funnel shaped gas separator was used to liberate the generated biogas from the effluent, and then the gas was led to a gas collector tank. The gas tank was a cylindrical glass pipe with an internal diameter of 80 mm and height of 1 m. The liberated gas was frequently measured at a def- ined HRT and the gas volume was recorded with respect to time. The gas tank was initially filled with water which was saturated with methane. The volume of liberated gas was determined by the displacement of water in the gas tank. Figure 1a and b show a schematic diagram and actual of the experimental setup, respectively.
The system was operated at fixed temperatures, 24 and 40 °C with the aid of temperature-controller. The cheese whey wastewater sample was often collected from Gela factory (Amol, Iran). A sufficient large storage tank (1 m 3 ) was installed in the settlement to collect the cheese whey wastewater from the inlet sewer pipe of the first septic tank. The collected samples of wastewater were stored in the refrigerator at 4 °C to minimize substrate decomposition before any primary treatment. The inoculums for seeding were obtained from anaerobic sludge pound in Gela dairy industrial plant (Amol, Iran).
Bioreactor operation and monitoring COD and BOD of the raw and treated wastewater were analyzed according to methodology developed by American Public Health Association (APHA) and American Water and Wastewater Association (AWWA) standards [27] . The withdrawn duplicated samples were analyzed and average value was recorded. Biogas production was volumetrically measured by displacement of water in a cylindrical column. Methane content was determined by gas chromatography, using a GC model 7890A (Agilent Technologies, USA) equipped with TCD detector and packed column Carboxen 1000 was used for the gas analysis.
Kinetic models
Biological models are used to determine the relationships between variables. These models were used to control and optimize the treatment in laboratory scale UASFF bioreactor. In this study, an unstructured model describing the exponential cell growth was used. In addition, other models were used to obtain the desired model for the microorganism's growth. Riccati, Monod and Verhalst models were evaluated to define the related kinetic parameters ( Table 2 ). 4. UASB reactor, 5. UAFF reactor, 6. outlet stream, 7. gas and liquid separator, 8. exhaust gas valve, 9. settling tank, 10. treated wastewater, 11. recycle pump, 12. gas exhaust valve, 13. valve connected to vacuum pump, 14. vacuum pump and 15. biogas collector. The COD and pH of the cheese whey wastewater were daily measured for the duration of 34 days. The bioreactor operation and variation of pH during the startup of the system was monitored. Figure 2a shows variations in influent and effluent COD over the period of 34 days. Initial COD has increased in five steps and gradually shifted from 4000 to 14000 mg/L. The COD removal has increased from 15 to 62%. The effluent pH altered when feed was added due to initial pH of the feed; however most of time, the effluent pH was relatively constant nearly recorded at 6.5. The pH of bioreactor varied from 5.5 to 7 throughout the experiment; there was slight variation in pH which was unnecessary to make any adjustment; this range is suitable for anaerobic microbes. Outlet pH was almost neutral (approximately 6.5), and the performance of bioreactor was high and stable. Steady state conditions were achieved at stable conditions with high COD removal. Fluctuations of pH are shown in Figure 2b . rature of 40 °C. The COD removal was also increased with increase in HRT and OLR. Maximum obtained COD removal efficiency was 80% at an HRT of 48 h, OLR of 25.85 (g COD/Ld) at 40 °C. It can be seen that an increase in microbial activity at high temperature, removal efficiency was improved from 59 to 80% when the bioreactor temperature was increased from 24 to 40 °C. As Figure 3 illustrates, for each HRT there was a maximum in OLR removal. Beyond the maximum value at desired HRT, the OLR removal decreased due to overloading rate of OLR.
The present data were compared with other work for the biological treatment of cheese whey wastewater. It was found that Frigon et al. [5] have treated cheese whey wastewater by sequential anaerobic and aerobic steps in a single digester for duration of 4 days; they removed about that 88% of biodegradable COD. Gavala et al. [26] treated dairy wastewater in UASB for HRT of about 20 days; their reported COD removal was 81-85%. Monroy et al. [28] have also used dairy wastewater treatment in anaerobic filtration; a 70% COD removal was reported for HRT of 4 days. In present work an 80% of total COD at HRT of 48 h was removed.
Effect of initial COD on effluent pH
The effluent pH varied due to additional fresh feed and its initial pH. Figure 4a and b shows the effluent pH with initial COD at two different temperatures. The pH of effluent increased at high initial COD. For constant initial COD, effluent pH and COD removal increased with an increase in HRT. It showed that for anaerobic bacteria at high HRT, an expected and desired range of pH would be 6.7-7.0. Therefore, COD removal was increased. Because COD removal had an increasing trend at high temperature, the effluent pH was slightly lowered. This was due to high biological activities and increasing trend of COD removal, which resulted in activity of acid formers in the anaerobic process.
Biogas production
The effect of OLR and HRT on the biogas production rate is shown in Figure 5a and b. Accord- Figure 5b shows effect of OLR on biogas production rate at 40 °C. Biogas production rate was also increased with increasing OLR. With an increase in OLR, biodegradability of the substrate and sufficient microbial community was increased and then the biogas production will increase [29, 30] . It is very important that because of removal efficiency was improved at high temperature (40 °C), the amount of biogas production was also slightly increased at low temperature (24 °C). The amount of 2.40 L/d was obtained at high HRT (48 h), OLR (32.60 (g COD/Ld)) and temperature (40 °C). GC analysis of the biogas at optimum condition showed that almost 61% of biogas was methane and the remaining gas was CO 2 . The obtained results showed that there is a suitable condition for UASFF hybrid bioreactor to operate for maximum COD removal.
Evaluation of kinetic models
The utilization of organic matters and sludge productions are predicted by various microbial kinetic growth models. Monod and Verhalst models are simple models for anaerobic degradation of organic compounds in cheese whey wastewater. Table 3 summarizes the kinetic parameters for all 3 presented models with non-linear and linear equations. The kinetic data for all of the stated models showed that experimental data may be corresponded with theoretical concepts and the models were appropriate for predicting the performance of fabricated UASFF bioreactor. The regression coefficients and the kinetic coefficients were compared. [31] . Figures 6b and 6c show the linearized Monod and Verhalst models, respectively. The results of the analysis indicated that the experimental values were in good agreement with the predicted values. The predicted and observed results indicated that there is a high regression coefficient in the three models but in the other hand, predicted µ max obtained with the Riccati model had a high accordance with observed results, so the Riccati model was selected as suggestion kinetic models for the hybrid bioreactor. The kinetic constants and regression coefficients resulted in three models are presented in Table 3 . Based on the reported value for µ max the values for Riccati and Verhalst models were very close, while the maximum specific growth rates were higher than the value in the Monod model. Thus, the Riccati and Verhalst models should project faster rate compared to the Monod model. 
CONCLUSION
The hybrid bioreactor was found to be a successful biological treatment system, achieving a high COD removal efficiency for the treatment of cheese whey wastewater. The results are summarized as follows:
1. It was concluded that the hybrid system is much faster than the conventional digester and even with upflow anaerobic sludge bed (UASB). The remaining untreated COD may need further treatment before disposed to environment. 5. When bioreactor temperature increased from 24 to 40 °C the COD removal and biogas production significantly increased. 6. Among the project growth kinetic models, the Riccati model was the best growth model fitted with experimental data.
7. A combination of air flotation and then membrane separation processes are suggested for the post treatment and the removal of remaining contaminants. 
